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HIGHLIGHTS 


•  Stress  and  strain  states  are  clearly  defined  for  Si  wafers  during  lithiation. 

•  LixSi  layer  and  crystalline  Si  wafer  behave  as  a  thin  film  composite  materials. 

•  Elastic  modulus  of  c-Si  under  LixSi  layer  determine  the  crack  propagation  behavior. 

•  <111  >  Si  wafer  shows  distinguished  behavior  from  <100>  and  <110>  Si  wafers. 
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This  study  reports  a  direct  observation  on  the  crack  behavior  of  lithiated  Si  wafer.  Three  different  Si 
wafers  with  <100>,  <110>  and  <111  >  axes  are  investigated,  to  compare  the  crack  behaviors  of  different 
orientation  Si  wafers.  Electrochemically  induced  cracks  in  each  orientated  wafer  have  dissimilar  crack 
behaviors,  because  the  initiations  and  propagations  of  cracks  are  strongly  affected  by  their  orientation 
and  strain  energy  release  rate.  It  is  also  found  that  triangular  humps  and  cracks  are  formed  in  the  (111) 
wafer,  which  are  discovered  for  the  first  time  by  in  this  study.  Considering  that  volume  expansion,  cracks, 
and  pulverizations  of  Si  are  the  main  issues  for  the  commercial  use  of  Si  for  Li  ion  battery,  this  study 
provides  important  insight  that  is  relevant  to  the  design  of  advanced  Si  anode  materials. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Silicon  is  a  promising  material  for  anodes  in  Li  ion  batteries 
(LIBs),  due  to  its  theoretical  capacity  of  -3500  mAh  g-1.  To  date,  this 
is  the  highest  known  among  materials  [1-4].  Nevertheless,  Silicon 
is  not  currently  used  commercially  because  problems  with  volume 
expansion,  cracks,  and  pulverization  upon  repeated  Li  insertion- 
removal  cause  significant  capacity  fades  as  cycles  continue  [5  . 

In  many  cases,  cracks  can  drive  a  failure  of  materials,  and  these 
phenomena  always  create  new  surfaces  6-8  .  During  crack  for¬ 
mation  and  propagation,  increased  surface  area  can  enhance  the 
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chance  of  SEI  layer  formation.  Several  studies  revealed  that  the  SEI 
layer  formation  on  Si  surface  impeded  Li  ion  transportation  and 
caused  capacity  degradation  of  Si  anode  [9-11].  Cracks  also  cause 
defects  among  active  materials  which  results  in  poor  electric  con¬ 
tact.  To  improve  the  cycle  ability,  these  problem  should  be  resolved 
in  Li  ion  batteries  with  Si  anode. 

Several  recent  investigations  using  Si  wafers  for  Li  ion  batteries 
led  to  some  important  experimental  findings.  Goldman  et  al.  [12] 
showed  clear  anisotropic  volume  expansion  along  the  <110>  di¬ 
rection  of  bulk  Si  wafer.  Lee  et  al.  [  13  also  used  etched  Si  wafer  with 
nano-pillars.  They  reported  that  the  anisotropic  volume  expansion 
occurs  preferentially  at  {110}  surfaces.  Another  experimental  study 
by  Chon  et  al.  [14]  provided  quantitative  information  on  stresses 
associated  with  electrochemically  induced  phase  transformations 
in  crystalline  (100)  Si  and  the  resulting  mechanical  damage.  They 
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reported  the  stress  value  at  the  crack  formation  point  during  deli¬ 
thiation,  showing  microscopic  images  where  an  atomically  sharp 
interface  had  been  introduced  between  a-LixSi  layer  and  crystalline 
silicon  substrate. 

Here,  we  report  a  direct  observation  on  the  crack  behavior  of  Si 
wafers  with  <100>,  <110>  and  <111  >  axes.  We  introduced  focused 
ion  beam  (FIB)  cross-sectional  analyses  to  observe  cracks  initiation 
and  propagation  in  Si  wafers  with  different  orientations.  The 
detailed  three-dimensional  observation  of  preferred  crack  orien¬ 
tation  provides  important  insight  for  the  design  of  advanced  Si 
anode  materials. 

2.  Experimental  procedure 

Standard  types  of  2032  half-coin  cells  were  prepared  for  this 
experiment,  with  Li  metal  foil  as  a  counter  electrode.  Si  wafers  were 
cut  to  the  size  of  0.5  cm  x  0.5  cm  1  M  LiPF6  solution  with  ethylene 
carbonate  and  dimethyl  carbonate  (EC:DEC)  was  used  as  an  elec¬ 
trolyte,  and  a  constant  current  density  of  100  \iA  cm-2  was  applied 
for  6  h,  for  both  lithiation  and  delithiation,  respectively.  A  detailed 
schematic  of  the  coin  cell  is  shown  in  Fig.  1. 

Disassembly  of  the  coin  cells  was  done  in  a  glove  box,  filled 
with  Ar  gas.  An  FIB  (NOVA200  dual  beam  system,  FEI)  equipped 
with  an  air-lock  chamber  was  used  for  the  observation  of  Si 
wafers,  and  TEM  sample  preparation.  Definition  of  the  orienta¬ 
tion  of  the  Si  wafer  was  possible  using  the  primary  flat  of  each  Si 
wafer.  The  primary  flats  of  wafers  were  horizontal  to  the  FESEM 
images.  The  air-lock  system  enables  the  observation  of  lithiated 
Si  wafers  without  exposure  to  air.  This  air-lock  system  maintains 
an  inert  environment,  while  samples  are  loaded  from  the  glove 
box  into  the  FIB  chamber.  Before  the  ion  milling,  Pt  is  deposited 
on  the  sample  surface  in  FIB  chamber.  The  role  of  Pt  is  to  protect 
of  surface  morphology  and  also  to  obtain  clean  cross-section 
image  by  preventing  re-deposition  and  curtain  effect  of  FIB 
milling.  Details  of  the  sample  load  and  preparations  can  be  found 
in  previous  research  [10,15,16].  HRTEM  (JSM-3000F,  JEOL  and 
Tecnai  F20,  FEI)  with  300  and  200  keV  was  used  for  detailed 
observation  of  the  cracks.  Lithium  insertion  was  confirmed  by 
voltage  profiles  of  each  wafers  given  in  supplementary  infor¬ 
mation  and  TEM  EELS  analysis  in  our  additional  experiment  with 
higher  current  [17  . 

Crack  propagation  and  deformation  were  analyzed  by  the 
following  relations.  It  has  been  reported  that  crack  formation  and 
propagation  by  strain  energy  release  rate  can  be  predicted  by 
parameters  with  the  non-dimensionalized  stress  intensity  factor  F 
(a,  /?),  and  the  non-dimensionalized  integral  of  the  crack  opening 
displacement  G  (a,  /?),  the  so-called  strain  release  rate  [18].  Dun- 
durs  parameters  ( a  and  /?)  were  used  for  obtaining  the  values  of  F 
and  G, 


Li  metal 
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Electr°lyte  Si  wafer 
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Fig.  1.  Schematic  of  coin  cell  used  in  this  experiment. 


~E2  =  Ml(l  -  2u2)  -  M2(!  ~  2iq) 

2^1  (1  -  u2)+2m2(1  -  Vi) 


where,  F  is  the  material  plane  strain  tensile  modulus  defined  as  F/ 
(1  -  v2),  jl  is  the  material  shear  modulus,  I<i  is  the  stress  intensity 
factor,  cr  is  the  applied  stress,  a  is  the  crack  length,  and  h  is  the  film 
thickness.  F  and  G  factors  decide  whether  a  crack  is  taking  place  or 
not,  and  Dundurs  parameters  can  be  invoked  to  explain  the  crack 
propagation  direction  once  crack  forms  because  these  factors  have 
elastic  moduli  that  are  dependent  on  the  material  orientation 
[18,19  .  Chow  et  al.  reported  that  the  crack  propagations  of  soft 
layers  on  rigid  crystalline  Si  substrate  are  affected  by  compliances 
of  each  direction  of  substrate  [20].  By  using  a  similar  approach, 
crack  propagation  could  be  analyzed  by  observation  in  FESEM. 


3.  Result  and  discussion 


Stress  generation  during  Li  insertion  and  extraction  is  important 
in  understanding  the  mechanical  failure  of  Si  anode  in  LIBs.  A  LixSi 
layer  on  Si  wafer  can  be  treated  as  a  soft  layer  on  rigid  substrate  (the 
yield  strength  of  crystalline  Si  is  about  7  GPa  and  has  no  plastic 
deformation;  that  of  lithiated  Si  is  less  than  1  GPa,  and  can  be 
plastically  deformed)  14].  It  has  been  known  that  compressive 
stress  is  imparted  upon  the  LixSi  phase  at  the  reaction  front,  during 
Li  insertion,  while  tensile  stress  is  applied  to  the  LixSi  phase  during 
Li  extraction  (Fig.  2(b))  [21  .  LixSi  at  the  surface  expands  outward 
upon  Li  insertion,  while  the  unlithiated  Si  inside  particle  constrains 
LixSi  at  the  surface  from  swelling  freely.  This  results  in  the  unli¬ 
thiated  Si  remaining  in  tensile  stress,  while  lithiated  LixSi  at  the 
reaction  front  remains  in  compressive  stress.  On  the  other  hand, 
when  Li  is  extracted,  the  volume  of  LixSi  shrinks,  and  the  stress 
status  is  reversed  as  shown  in  Fig.  2(c). 

Fig.  3(a)  shows  the  lithiated  (100)  Si  wafer  with  parallel  lithiated 
Si  layer  at  the  reaction  front.  This  result  is  consistent  with  previous 
results  reported  by  Zhao  et  al.  [21]  and  Chon  et  al.  14].  After 
delithiation,  two  different  kinds  of  cracks  were  found  from  the 
delithiated  (100)  Si  wafer  surface:  <110>  orientated  cracks  and 
<100>  oriented  cracks  as  shown  in  Fig.  3(b  and  c),  respectively. 

These  directionalities  of  crack  propagations  in  Fig.  3(b  and  c)  are 
related  to  the  intrinsic  orientation  of  the  Si  wafer,  and  to  the  strain 
energy  release  rate  G,  as  well.  For  the  cracks  oriented  along  the 
<110>  direction  in  Fig.  3(b),  cracks  propagate  the  inside  of  the 
wafer,  forming  an  angle  of  54.7°  to  the  surface.  This  angle  implies 
that  these  cracks  propagate  along  the  slip  plane  {111}  in  <110> 
direction  inside  the  Si  wafer.  The  cross-sectional  image  in  Fig.  3(b) 
also  shows  that  <110>  oriented  cracks  are  initiated  from  the  crys¬ 
talline  Si  region.  As  discussed  above,  tensile  stress  is  applied  to  the 
crystalline  Si  region  during  lithiation,  and  then  tensile  stress  in  the 
crystalline  Si  area  initiates  and  propagates  the  cracks  along  the 
<110>  direction  on  {111}  planes  [20  . 

The  <100>  oriented  cracks  shown  in  Fig.  3(c)  can  be  explained 
by  the  strain  energy  release  rate  G  of  the  crack  reaching  the  critical 
value  of  strain  energy  release  rate  Gc.  In  particular  with  the  (100)  Si 
wafer,  LixSi  layer  swells  upwards  much  smaller  than  <110>  direc¬ 
tion  (which  is  sideward).  So  lithiated  (100)  Si  wafer  can  be  stated 
the  plane  strain  ( ex  ^  0,  ey  =£  0,  ez  =£  0).  Elastic  modulus  in  plane 
strain,  as  so-called  the  plane  strain  tensile  modulus,  was  calculated 
and  Chow  et  al.  has  reported  the  values  of  Es  (Plane  strain  tensile 
modulus  of  Si  substrate)  for  each  direction  [20  .  The  Es  values  of  Si 
in  <100>,  <110>  and  <111  >  crystal  directions  are  141.2  GPa, 
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Fig.  2.  Schematics  of  stress  field  for  each  status  of  Si  wafer,  (a)  As-made  single  crystal  Si  wafer,  (b)  Lithiated  Si  wafer;  compressive  stress  is  applied  at  the  lithiated  layer,  and  tensile 
stress  is  applied  at  the  crystalline  Si  substrate,  (c)  Lithiated/delithiated  Si  wafer;  stress  field  is  applied  oppositely  to  the  lithiated  Si  wafer. 


Fig.  3.  SEM  images  of  cracks  on  (100)  Si  wafer  surface  after  delithiation.  (a)  Parallel  Li  insertion  to  (100)  wafer  during  lithiation.  (b)  <110>  oriented  cracks  of  (100)  wafer,  (c)  <100> 
and  random  oriented  cracks  of  (100)  wafer. 


<100> 


<110> 


<110> 


<1 1 0> 


169.8  GPa,  and  181.3  GPa,  respectively  [20,22].  Upon  delithiation, 
the  LixSi  layer  at  the  surface  becomes  under  tensile  stress  in  the 
<100>  wafer.  As  shown  in  Fig.  3(c),  these  <100>  oriented  cracks 
(forming  an  angle  of  45°  with  the  <110>  direction)  on  the  surface 
can  be  initiated,  because  the  <100>  direction  corresponds  to  the 
lowest  Es  (the  most  compliant  direction  in  Si  wafer).  In  other  words, 
cracks  can  be  initiated  and  propagated  easier  along  <100>  direc¬ 
tion  than  others. 

In  Fig.  4(a),  a  cross-section  of  the  lithiated  (110)  Si  wafer  also 
shows  a-LixSi  layer  parallel  to  the  Si  wafer  substrate.  Compared 
with  the  lithiated  (100)  Si  wafer  in  plane  strain  state,  the  lithiated 
(110)  wafer  is  simply  in  normal  strain  state.  Because  the  <110> 
direction  is  the  dominant  volume  expansion  direction  upon  lith¬ 
iation,  the  strain  occurs  along  the  3-axes  during  lithium  insertion 
into  (110)  Si  wafer.  Therefore,  the  calculated  values  of  elastic  moduli 
are  different  with  plane  strain  tensile  modulus  [ex  =£  0,  ey  =£  0, 
£z  =£  0).  In  this  case,  both  Fioo  and  E\\ o  are  169  GPa  and  Em  is 
181.3  GPa  (higher  than  those  (<100>  and  <110>))  [20,22].  Since 
(110)  Si  wafer  has  anisotropic  mechanical  properties,  a  directional 
crack  can  be  generated  based  on  the  strain  energy  release  rate.  After 
lithium  extraction,  two  different  types  of  cracks  are  observed  on  the 
(110)  Si  wafer  surface.  Fig.  4(b)  shows  that  the  orientations  of  cracks 
on  the  (110)  Si  wafer  surface  are  mainly  in  the  <100>  and  <110> 
directions  (forming  an  angle  of  35.2°  with  the  <112>  and  <111  > 
directions,  respectively).  These  crack  propagations  can  also  be 


explained  by  the  difference  in  elastic  modulus,  being  defined  by 
compliance  in  the  biaxial  stress  mode. 

It  is  also  found  that  cracks  on  the  (110)  Si  wafer  (about  400  nm  of 
depth)  propagate  deeper  than  those  on  the  (100)  Si  wafer  (about 
200  nm  of  depth).  In  the  (110)  wafer,  the  normal  direction  from  the 
surface  is  <110>,  which  is  the  fastest  Li  diffusion  direction  into  Si. 
This  fast  diffusion  kinetics  along  the  <110>  direction  is  shown  as 
thicker  LixSi  layer  in  (110)  wafer  than  in  (100)  wafer  [23].  Unlike 
(100)  wafer,  slip  system  induced  cracks  are  not  observed  in  the 
(110)  wafer.  As  discussed,  the  <110>  direction  is  normal  to  the 
surface  in  the  <110>  wafer,  and  the  free  volume  expansion  upward 
is  favorable.  Consequently,  applied  stress  to  the  crystalline  Si  region 
should  be  less  than  for  the  case  of  the  (100)  wafer.  Therefore,  the 
applied  tensile  stress  on  crystalline  (110)  Si  cannot  reach  the  frac¬ 
ture  stress  of  Si,  but  can  cause  the  elastic  deformation  to  crystalline 
Si.  As  a  result,  cracks  caused  by  strain  energy  release  are  observed, 
but  cracks  along  the  slip  system  are  not  observed. 

Cracks  at  the  interface  between  LixSi  and  crystalline  Si  phase  in 
the  delithiated  (110)  Si  wafer  are  observed  as  shown  in  Fig.  4(c). 
This  shows  crack  propagation  along  the  interface  between  these 
two  phases.  According  to  studies  involving  detailed  observation  of 
lithiated  Si,  the  <110>  direction  of  Si  is  the  preferred  direction  for  Li 
diffusion  into  Si,  so  lithiated  Si  can  freely  expand  upwards  in  the 
(110)  wafer  12,13].  After  delithiation,  the  volume  of  LixSi  is 
reduced,  and  the  remaining  stress  is  relaxed,  as  well.  Higher  tensile 


Fig.  4.  SEM  images  of  cracks  on  (110)  Si  wafer  surface,  after  delithiation.  (a)  Parallel  Li  insertion  to  (110)  wafer,  during  lithiation.  (b)  <100>,  <110>,  and  random  oriented  cracks  of 
(110)  wafer,  (c)  Interface  cracks  between  c-Si  and  a-Si. 
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stress  can  be  applied  between  these  two  phases,  and  then  the 
interfacial  cracks  can  be  initiated.  Random  direction  cracks  are 
likely  caused  by  distributed  stress,  after  cracks  are  caused  by  strain 
energy  release. 

In  Fig.  5(a  and  b),  it  is  observed  that  irregular  triangular  humps 
are  formed  on  the  surface  of  the  (111)  wafer,  after  lithiation.  It  is 
analyzed  that  these  triangular  humps  are  only  observed  in  (111) 
wafer,  because  of  the  directionality  of  <110>  in  the  <111  >  wafer.  In 
the  (111)  wafer,  there  are  two  possible  <110>  directions  for  Li 
diffusion,  which  are  {111}  <110>  and  {100}  <110>,  as  shown  in 
Fig.  5(c).  These  <110>  orientations  form  a  triangular  pyramid  shape 
in  the  unit  cell,  and  give  rise  to  triangular  shapes  of  LixSi  phase  in 
the  (111)  wafer,  shown  in  the  cross-sectional  image  in  Fig.  5(b). 


Fig.  5.  SEM  images  of  cracks  on  (111)  Si  wafer  surface,  after  lithiation  and  delithiation. 
(a)  (111)  Si  wafer  surface,  after  lithiation.  (b)  Cross-sectional  image  of  lithiated  hump, 
and  TEM  image  of  hump,  (c)  Schematic  of  crystal  structure  of  (111)  Si  wafer,  along  the 
[111]  direction,  (d)  Random  oriented  cracks  of  (111)  wafer,  (e)  Crack  between  c-Si  and 
a-Si,  after  delithiation. 


Once  the  triangular  LixSi  phase  is  formed,  the  free  expansion  up¬ 
ward  is  more  favorable  than  breaking  new  Si  bonds  and  diffusing 
inside.  Therefore,  lithiation-induced  raised  triangular  humps  can  be 
formed,  due  to  the  preferred  Li  diffusion  direction  in  the  (111)  Si 
wafer. 

After  delithiation,  it  is  observed  that  cracks  are  initiated  at  the 
edges  of  humps.  Random  direction  cracks  are  also  formed,  as 
shown  in  Fig.  5(d).  No  directional  cracks  are  observed  in  the  (111 )  Si 
wafer  after  delithiation,  since  the  {111}  plane  is  the  isotropic 
structure.  Therefore,  the  strain  energy  release  in  all  directions  at  the 
{111}  plane  is  the  same,  and  this  affects  the  random  crack  initiation 
in  the  (111 )  Si  wafer  17-19].  From  the  cross-sectional  image  of  the 
delithiated  (111)  Si  wafer  in  Fig.  5(e),  cracks  are  observed  along  the 
interface  between  LixSi  and  crystalline  Si.  However  humps  still 
remain  after  delithiation,  which  reveals  that  the  humps  are  the 
result  of  plastic  deformation,  induced  by  Li  insertion  into  (111)  Si 
wafer. 

4.  Conclusion 

We  suggest  that  the  plane  strain  modulus  can  be  used  for  uni¬ 
form  lithiation  at  the  {100}  plane,  and  the  biaxial  modulus  is 
appropriate  for  the  {110}  plane  of  Si,  in  the  case  of  forming  a  thin 
LixSi  layer  at  the  surface  of  the  wafer.  In  (100)  Si  wafer,  <110>  and 
<100>  oriented  cracks  are  observed,  after  lithiation/delithiation. 
We  have  found  that  <110>  cracks  are  initiated,  and  propagated 
along  the  slip  system  of  Si  and  <100>  cracks  are  formed  because 
<100>  is  the  most  compliant  orientation.  In  (110)  wafer,  <100>  and 
<110>  oriented  cracks  are  observed,  after  delithiation.  It  is  known 
that  <100>  and  <110>  have  lower  elastic  modulus  than  <111  >.  This 
difference  causes  strong  directionality  of  crack  propagation  in  (110) 
wafer.  It  can  be  analyzed  that  cracks  at  the  delithiated  (110)  Si  wafer 
are  dependent  on  just  the  anisotropic  properties  according  to  its 
crystalline  orientation  (111)  wafer  shows  different  morphology 
changes  during  lithiation.  LixSi  phase  formation  occurred,  such  as 
humps,  and  their  shape  is  in  response  to  the  direction  of  volume 
expansion  of  lithiated  Si.  These  humps  are  caused  due  to  the 
crystallographic  characteristics  of  (111)  wafer. 
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